We combined the power of parametric surface modeling with tensor-based morphometry to study hippocampal differences associated with Alzheimer's disease (AD) and mild cognitive impairment (MCI) in 490 subjects (97 AD, 245 MCI, 148 controls) and ventricular differences in 804 subjects scanned as part of the Alzheimer's Disease Neuroimaging Initiative (ADNI; 184 AD, 391 MCI, 229 controls). We aimed to show that a new analysis of anatomy, based on surface multivariate tensor-based morphometry (mTBM) and radial distance mapping provides a more powerful way to detect localized anatomical differences than conventional surface-based analysis methods (Figure 1) .
between groups of MCI and AD subjects (N=575), using four different surface statistics. Nonblue colors show vertices with statistical differences, at the p=0.05 level, uncorrected. The new statistics (mTBM + radial distance)detected anatomical differences more powerfully than the other three statistics. The right panel shows that the new statistic yields results that are highly significant using FDR (as they rise above the reference line y=20x). 
Methods
In our recent studies (Wang et al. 2010 (Wang et al. , 2011 , surface mTBM was shown to be more sensitive to detecting group differences than other standard surface-based statistics, such as the radial distance of the surface to a medial curve. Intuitively, radial distance and mTBM are complementary: radial distance describes anatomical deformations largely parallel to the surface normal, but mTBM measures more tangential expansions or contractions within surfaces Here we propose a combination of radial distance and mTBM (Figure 2) offering Figure 1 . A flow chart of the steps in our multivariate statistical analysis of brain morphometry. In our system, the subcortical structures are segmented as in prior work (Morra et al., 2009b; Chou et al., 2010) . We then reconstruct the surfaces and compute conformal coordinates for registration. The computed statistics are used for group difference analysis and analysis of correlation with CSF biomarkers.
Non blue colors show vertices that correlate to Tau/Aβ 1-42 , at the p=0.05 level, uncorrected. The right panel shows that the new statistics detected gave greatest effect size using FDR (as they rise above the reference line y=20x).
surfaces. Here we propose a combination of radial distance and mTBM ( Figure. 2), offering a powerful set of surface statistics for subcortical surface morphometry. We hypothesized that this combination might boost statistical power to detect disease effects on subcortical structures.
Estimated sample sizes necessary to detect disease effects:
We randomly selected N subjects from the original dataset. Subjects from each diagnostic group were chosen to preserve the relative proportions of control, MCI and AD subjects. We repeated this sampling process 100 ti
Experiments
We analyzed baseline T1-weighted MRI scans from the Alzheimer's Disease Neuroimaging Initiative (ADNI) dataset (http://www.loni.ucla.edu/ADNI). The segmented data were from our prior work (Morra et al., 2009; Chou et al., 2010) . Using a method from exterior calculus based on holomorphic differentials, we induced conformal grids on these meshes (Wang et al., 2011) . We left two holes at the front and back of the hippocampus, representing its t i j ti ith th d l d it t i li it it t i t th hit tt times. Figure 5 shows CDFs of the p-values for detecting differences between MCI and Control groups, for both hippocampus and lateral ventricle. When detecting group differences, the minimal effective sample size for the hippocampus was lower than those we reported previously (Morra et al. 2009 ), where radial distance was used as the statistic. (Thompson et al. 2004 ) and multivariate tensor-based morphometry (mTBM) (Wang et al. 2010) .
anterior junction with the amygdala and its posterior limit as it turns into the white matter of the fornix. The hippocampus then represented as an open boundary genus one surface, i.e., a cylinder, and was conformally mapped to a rectangle. To model the lateral ventricular surface, we automatically located and introduced three cuts, based on the topology of the lateral ventricles, in which several horns are joined together at the ventricular "atrium" or "trigone". With holomorphic flow segmentation (Wang et al., 2011) , each lateral ventricular surface was automatically partitioned into 3 pieces . Although surface geometry is widely variable across subjects, these zero point locations are stable and intrinsically determined by the surface conformal structures, and the resulting surface partition into component meshes is stable. We registered the hippocampal and lateral ventricular surfaces across subjects using a constrained harmonic map.
Conclusion:
Our method consists of automated surface extraction, conformal parameterization and partitioning, harmonic mapping, and tensor statistics. In this large subcortical morphometry p for each experiment. The minimal effective sample sizes for the hippocampus are comparable to, or lower than, those reported in our prior work (Morra et al., 2009) in the same dataset when radial distance was used as the statistic.
